• Background and Aims Disentangling the relative roles of past fragmentation (vicariance), colonization (dispersal) and post-divergence gene flow in the genetic divergence of continental island organisms remains a formidable challenge. Amplified fragment length polymorphisms (AFLPs) were used to (1) gain further insights into the biogeographical processes underlying the Pleistocene diversification of the Aegean Nigella arvensis complex; (2) evaluate the role of potential key factors driving patterns of population genetic variability (mating system, geographical isolation and historical contingencies); and (3) test the robustness of conclusions previously drawn from chloroplast (cp) DNA.
INTRODUCTION
'Recent continental shelf or land-bridge islands' (sensu Whittaker and Fernández-Palacios, 2007; Ali et al., 2017) form part of the same continental shelf and have become separated from each other and/or adjacent landmasses through rising sea levels, most recently during Pleistocene inter-and/ or post-glacial periods. This island type has been instrumental in elucidating the effects of past range fragmentation and geographical isolation on (incipient) allopatric vicariant speciation (e.g. Wallace, 1890; Wright, 1940; Mayr, 1954) . In general, recent molecular phylogenetic and phylogeographical studies have clarified that most evolutionary diversification in islands occurred via allopatric speciation (e.g. Comes et al., 2008; Esselstyn et al., 2009; Li et al., 2010; Salvo et al., 2010; Mayol et al., 2012; Zhai et al., 2012; Poulakakis et al., 2015; Sfentourakis and Triantis, 2017 ; for a review, see also Warren et al., 2015) . However, some researchers have also challenged this paradigm as too simplistic, especially for recent continental shelf or land-bridge islands, given the increased opportunities for (re-)colonization/dispersal events and/or the genetic exchange between divergent populations afforded by the recurrent formation of land-bridges (and/or the narrowing of sea straits) during low sea level periods of the last glacial(s) (e.g. Li et al., 2010; Zhai et al., 2012) . Hence, disentangling the relative roles of past fragmentation (vicariance), colonization (dispersal) and post-divergence gene flow on the genetic divergence of continental island organisms remains a formidable challenge, especially in island-rich systems with great geographical heterogeneity and complex palaeogeographical history.
These latter properties certainly apply to the Aegean archipelago (Fig. 1A) , which comprises some 7500 islands and islets at a variety of isolation levels between the Greek peninsula in the west and the Turkish coast of Asia Minor in the east (Sfenthourakis and Triantis, 2017) . This mostly continental island system has always attracted the interests of plant biologists, given its high species diversity and endemism (e.g. Strid, 1996; Perissoratis and Conispoliatis, 2003; Georghiou and Delipetrou, 2010) , but has hitherto received far less attention from plant molecular phylogeographers (but see below). Nonetheless, phytogeographers have long been aware of the Aegean featuring strong boundaries, despite relatively homogenous climatic and habitat conditions (Rechinger, 1950; Strid, 1997; see Fig. 1A) . The most well-known floristic division is 'Rechinger's line' (Strid, 1996) between the Central and East Aegean islands, which coincides with the north-central part of the 'mid-Aegean Trench' (MAT), an ancient sea transgression [approx. 12-9 million years ago (Ma); Dermitzakis and Papanikolaou, 1981] that quickly (re-)established after the Messinian Salinity Crisis (6.0-5.3 Ma; Duggen et al., 2003) and has remained a sea barrier ever since. Another example is the 'Cycladic Window' (Rechinger, 1950) , which broadly delimitates an ancient Central Aegean peninsula ('Cycladia') that persisted until the end of the Pliocene/Early Pleistocene (approx. 2 Ma; Chatzimanolis et al., 2003) but then underwent cyclical fragmentation induced by sea level cycles (Lambeck, 1996) . Recent floristic analyses at more regional scales likewise Rechinger, 1950) into five major zones, namely the Western (WAe), Northern (NAe) and Eastern Aegean (EAe), the Cyclades (Cyc) and the 'Southern Aegean Island Arc' (SAe; Crete, Karpathos/Kasos and Rhodos), with 'Rechinger's line' (Strid, 1996) highlighted in bold. The stippled line shows the position of the mid-Aegean trench (MAT; after Poulakakis et al., 2015) . The shadowed areas indicate tentative coastal configurations at the sea level lowstand (sea level at -120 m) during the Last Glacial Maximum (approx. 21 500 years ago; modified after Perissoratis and Conispoliatis, 2003) . (B) The approximate distribution ranges of the six species (12 taxa) of the Aegean Nigella arvensis complex (after Strid, 2002 Table 3 for taxon-wide levels of diversity. n, number of individuals assayed; PPF, percentage of polymorphic fragments; H E , Nei's (1987) unbiased gene diversity; SI, Shannon's index of phenotypic diversity (Lewontin, 1972) ; NC, not calculated due to small sample sizes (n ≤ 5).
*Numbers in parentheses refer to population codes in Bittkau and Comes (2005) . † Country codes: GR, Greece; TR, Turkey.
support the long-standing view that distribution patterns of the Aegean flora tend to reflect the area's palaeogeographical history (e.g. Trigas et al., 2013; Kougioumoutzis et al., 2014) . The Aegean region has also served as a popular study area to investigate the patterns and underlying causes of local differentiation and speciation in a range of ecologically largely unspecialized plant groups (e.g. Snogerup, 1967; Strid, 1970; Stork, 1972; Bentzer, 1973; von Bothmer, 1987) . These biosystematic studies underscored the importance of palaeogeographical events in the evolution of the Aegean flora but also offered a clear hypothesis for non-adaptively driven allopatric differentiation largely caused by random genetic drift (Wright, 1940; Runemark, 1969) in small, isolated populations ('non-adaptive radiation'; Rundell and Price, 2009 ). The idea that organismal distributions in the Aegean often mirror palaeogeographical patterns and allopatric processes of divergence has received considerable support over the last years, particularly from phylogenetic, phylogeographical and population genetic studies on animals (reviewed in Poulakakis et al., 2015; Sfenthourakis and Triantis, 2017 ). Yet, to date, plants have remained grossly understudied in this regard (but see Brassica cretica, Edh et al., 2007 ; Nigella arvensis alliance, Comes, 2005, 2009; Comes et al., 2008; N. degenii, Jorgensen et al., 2006; South Aegean Campanula, Cellinese et al., 2009; Campanula subg. Roucela, Crowl et al., 2015) . Hence, our understanding of how the geographical ranges of closely related Aegean plant species evolved in response to palaeogeographical events is still far from complete.
Here we revisit the Nigella arvensis L. complex (Ranunculaceae), which represents one of the most intriguing radiations of the Aegean region (reviewed in Comes et al., 2008) . It comprises four predominantly outcrossing and two selfing species (12 taxa in total) that are mostly allo-/or parapatrically distributed on numerous islands and surrounding mainland areas of Greece and Turkey (Strid, 1970; Fig. 1B) . Previous phylogeographical work focused on chloroplast (cp) restriction fragment length polymorphisms (RFLPs) in the outcrossing species (termed 'N. arvensis alliance'; Bittkau and Comes, 2005) . This analysis pointed at sea barrier-induced vicariance, restricted gene flow and genetic drift as major processes shaping the evolutionary history of this group, and identified a major genetic break along Rechinger's line. A phylogenetic study of Nigella L. using time-calibrated sequences of nuclear ribosomal DNA (Bittkau and Comes, 2009 ) inferred an Early/Mid-Pleistocene crown age for the entire complex [approx. 0.78 (± 0.39) -0.16 (± 0.08) Ma], while its stem age could only be dated very roughly (approx. 6.2-1.3 Ma). Only a preliminary survey has been done to date on the complex using amplified fragment length polymorphisms (AFLPs) (U Jaros, unpubl. res.; but see Comes et al., 2008) . This analysis of 110 individuals (42 populations) indicated that these fast-evolving nuclear markers have a high potential to delimitate taxonomic boundaries, as known from other studies where traditional sequence-based methods failed to resolve relationships among rapidly evolving lineages (e.g. Després et al., 2002; Vitales et al., 2014) .
In the present study, we used AFLPs to investigate the evolutionary history of the entire N. arvensis complex and the role of potential key factors driving intraspecific patterns of population genetic variability (i.e. mating system, geographical isolation and historical contingencies). In sum, we have surveyed 11 of the 12 taxa (48 populations, 497 individuals), including the majority of populations studied for cpDNA (Bittkau and Comes, 2005;  see Fig. 1C , D; Table 1 ). Specifically, we aimed to (1) evaluate the genetic and biogeographical boundaries of designated (sub) species; (2) generate the first comprehensive hypothesis of evolutionary relationships between them; and (3) infer the prevalent geographical modes (vicariance vs. dispersal/colonization) and relative timings of taxon diversification in the context of Aegean palaeogeography. In addition, we (4) tested for potential effects of selfing and/or the occurrence on islands per se on patterns of population genetic diversity and structure; and (5) asked to what extent present-day population genetic differentiation is driven by contemporary processes (e.g. gene flow and drift) or past range dynamics (e.g. island fragmentation and colonization).
MATERIALS AND METHODS

Study system
Following Strid (1970) , and based on molecular evidence (Bittkau and Comes, 2009) , the Aegean N. arvensis complex is monophyletic with six annual, diploid (2n = 12) and self-compatible species. The four members of the 'alliance ' (N. arvensis, N. degenii, N. icarica and N. carpatha) are summer-flowering, cross-compatible species with relatively large, nectariferous and mostly bee-pollinated flowers (approx. 1.2-3.4 cm wide). In contrast, N. doerfleri and N. stricta are reproductively isolated inter se and towards the alliance; they are spring-flowering, smaller sized species, in which selfing regularly takes place within flowers (approx. 0.9-1.5 cm wide) since the styles twist around the dehiscing anthers. The fruit (capsule) releases numerous, small seeds (<4 mm) without adaptations for attaching and transport. Populations generally occur in disturbed habitats (e.g. phrygana, stony sea shores, roadsides or abandoned/cultivated fields), whereby selfers tend to occupy more arid sites (Strid 1970) .
Most taxa are allo-/or parapatrically distributed (Strid, 2002; Fig. 1B) . Within the alliance, N. arvensis displays more or less continuous morphological variation from southern Greece (ssp. aristata) via northern Greece (ssp. arvensis) to western Turkey (ssp. glauca), while ssp. brevifolia occurs in Elafonisos (south-east of the Peloponnese), Crete and Rhodos; the four subspecies of N. degenii are endemic to particular islands of the Cyclades; and N. icarica and N. carpatha are respective endemics of Ikaria and Karpathos/Kasos. Also the two selfers have non-overlapping ranges: N. doerfleri is widespread in the Cyclades (and peripheral arid islets) but also found in Andikithira (south-east of the Peloponnese) and central/eastern Crete, whereas N. stricta is restricted to Kithira and south-west Crete. The exceptional range overlap between N. doerfleri and N. degenii in the Cyclades suggests that only species differing in mating system (and associated traits) are able to live in broad sympatry (Comes et al., 2008) .
Plant material and sampling
The present study includes collections from 48 populations, representing all six species and 11 of the 12 taxa of the N. arvensis complex, with the exception of N. degenii Vierh. ssp. minor Strid, endemic to a southern Cycladic islet (Pakhia, south of Anafi) (Table 1 (52) and Crete (55) (see Table 1 ).
AFLP genotyping
Total genomic DNA was extracted and purified from silicadried (or more rarely fresh) leaf tissue as detailed in Bittkau and Comes (2005) . The AFLP analysis was performed according to Vos et al. (1995) , with minor modifications as described by Jaros et al. (2016) for the use of fluorescent dye-labelled primers. For a preliminary AFLP screen, we selected 12 individuals representing four species (i.e. N. arvensis, N. degenii, N. doerfleri and N. stricta) , using 30 selective primer pair combinations with three or four selective nucleotides (data not shown). Based on this, the following primer combinations that produced the best results with respect to polymorphism and clarity of AFLP profiles were chosen for the complete survey (fluorescent dye in parentheses): EcoRI-ACA/MseI-CAGC (6-FAM), EcoRI-AGA/MseI-CAGA (VIC) and EcoRI-ACC/MseI-CTCA (NED). The selective PCR products were purified using Sephadex G-50 Superfine Resin (GE Healthcare BioSciences, Uppsala, Sweden) following the manufacturer's instructions. AFLP fragments were separated on a MegaBACE™ 1000 (GE Healthcare Biosciences, Pittsburgh, PA, USA), using the ET550-R-Rox-MegaBACE™ sizing standard. Using DAX ver. 8.0 (Van Mierlo Software Consultancy, Eindhoven, The Netherlands), polymorphisms were manually scored as presence (1) or absence (0), whereby a fragment was considered polymorphic if at least one individual showed a variant pattern. The reproducibility of markers was checked by repeating the analysis from the restriction/ligation step onward on 11 samples (representing all 11 taxa) for each pair of primers (Bonin et al., 2007) . The genotyping error rate obtained (6.7 %) was only slightly higher than reported for most plant species (approx. 2-5 %; Bonin et al., 2007) .
Genetic distance and structure analyses
Genetic relationships between populations of the entire data set were investigated using two approaches. First, we calculated Nei's (1972) standard genetic distance (D) among all possible pairs of populations from allele frequencies estimated in POPGENE ver. 1.32 (Yeh and Boyle, 1997) and assuming Hardy-Weinberg equilibrium for outcrossing (F IS = 0) and full inbreeding for selfing (F IS = 1) taxa (only N. doerfleri and N. stricta). Secondly, we calculated pairwise F ST values from fragment frequencies in AFLP-SURV ver. 1.0 (Vekemans et al., 2002) . For either approach, 10 000 genetic distance matrices were constructed in AFLP-SURV by bootstrapping over loci, i.e. fragments. The procedures NEIGHBOR and CONSENSE in PHYLIP ver. 3.63 (Felsenstein, 2005) were then used to generate unrooted Neighbor-Joining (NJ) networks and to infer bootstrap values on their internal edges.
We employed Bayesian clustering in STRUCTURE ver. 2.2 (Pritchard et al., 2000) to assign individuals to genotypically distinct clusters (K) and infer their potentially ordered splitting in consecutive runs (see below). As four of our study species are interfertile, we assumed the 'admixture' model, as well as independent allele frequencies across populations, as proposed for multispecies AFLP studies (e.g. Pachschwöll et al., 2015) . The number of K was set to vary from 1 to 12. For each value of K, we performed eight runs with a burn-in length of 200 000 and a run length of 500 000 Markov chain Monte Carlo (MCMC) replications. To identify the most likely number of clusters, we computed for each K the posterior probability of each run [lnp(D)] and the similarity coefficient between runs according to Pritchard et al. (2000) and Nordborg et al. (2005) , respectively, using the R-scripts STRUCTURE-SUM ver. 2.2 and 2009 . The optimal number of clusters was identified as the value of K where the likelihood started to plateau, the results of replicate runs were consistent, and the mean similarity was at the maximum. However, we also considered several 'sub-optimal' solutions to infer hierarchical patterns in clustering as proxy of the relative temporal order of splitting events (Rosenberg et al., 2002; Nordborg et al., 2005) . Bar plots with cluster membership coefficients for all individuals were generated in Microsoft Excel after choosing the replicate run with the highest level of probability for each selected K. In addition, we conducted principal co-ordinates analyses (PCoAs) in PAST ver. 1.40 (Hammer et al., 2001 ) on either the entire N. arvensis complex or a sub-set of taxa to visualize genetic patterns among individuals based on Dice' similarity coefficient.
Population genetic analyses of diversity and differentiation
The degree of genetic variability within each population and taxon was assessed by the percentage of polymorphic fragments (PPF), Nei's (1987) gene diversity (H E ) and Shannon's index (SI) of phenotypic diversity (Lewontin, 1972) . The AFLPDAT R package (Ehrich, 2006) was used to calculate the PPF and H E , and POPGENE was used to estimate the SI. Differences in within-population diversities (PPF, H E and SI) between outcrossing and selfing taxa, or between mainland and island taxa (outcrossers only), were tested by means of non-parametric Mann-Whitney U-tests (two-tailed) using the 'Social Science Statistics' online calculators (http://www.socscistatistics.com/). The six populations with insufficient sample sizes (n ≤5) were excluded from these diversity analyses.
Measures of population differentiation (Φ ST ) within taxa and/or lineages were calculated by non-hierarchical analyses of molecular variance (AMOVAs) in ARLEQUIN ver. 3.11 (Excoffier et al., 2007) . Hierarchical AMOVAs were further performed at various levels to test the data support of a priori population structure hypotheses. Thus, for both the entire complex and the alliance, populations were grouped according to taxonomic (subspecies) designation (with the single population of N. a. ssp. arvensis excluded but material from Rhodos treated separately; see the Results). For the alliance, populations were further assigned to five phytogeographical zones defined by Rechinger (1950) , namely the Western, Northern and Eastern Aegean, the Cyclades and the 'Southern Aegean Island Arc' (Crete, Karpathos/Kasos, Rhodos; see also Fig. 1A ). At the species level, hierarchical AMOVAs were restricted to those taxa with sufficient population sampling, namely N. arvensis (sspp. aristata/glauca), N. degenii and N. doerfleri. These four latter taxa were also used separately to test for isolation-by-distance (IBD) effects by regressing Φ ST /(1 -Φ ST ) against the natural logarithm of geographical distance for all pairs of populations (Rousset, 1997) . The significance of regression slopes was evaluated by Mantel tests in ARLEQUIN (1023 permutations).
RESULTS
AFLP marker characteristics
The three primer combinations employed with samples from 497 individuals (48 populations) of the N. arvensis complex (six species, 11 taxa) generated a total of 235 fragments, ranging from 74 to 434 bp, of which 233 AFLP markers were polymorphic (PPF = 99 %; see Supplementary Data Table S1 ). Because of this high degree of polymorphism, all individuals were distinguishable as separate AFLP phenotypes, with an overall mean of 50.0 (± 11.2 s.d.) fragments per individual (Nf ind ) across primer pairs. Values of Nf ind were not significantly different for all six species (see overlapping standard deviations in Table S1 ). However, the total number of fragments (Nf tot ) and values of PPF per taxon tended to be higher in the four outcrossing species (Nf tot = 143-233; PPF = 95-99) when compared with the selfing species N. doerfleri/N. stricta (Nf tot = 134/115; PPF = 95/84), and this trend was unaffected by sample size (n) per species (Spearman's r = 0.551 and 0.605; P = 0.257 and 0.205, respectively).
Major AFLP lineages and relationships within the N. arvensis complex
The population-level NJ network using Nei's genetic distances (Fig. 2) Fig. S1 ) largely retrieved the same clusters, but recovered N. a. ssp. glauca as a distinct lineage (90 %). However, both network approaches largely failed to resolve interspecific relationships due to weakly supported internal edges (e.g. N. doerfleri/N. stricta; BS = 63 % in Fig. S1 ).
For the entire complex, the STRUCTURE analysis inferred K = 9 as the optimal number of clusters based on two lines of evidence (see Supplementary Data Fig. S2 ): first, the posterior probabilities of the data [lnp(D)] progressively increased up to K = 9, where they started to flatten out; and, secondly, the similarity coefficient between replicated runs reached a maximum (1.0) at this value, even though K = 4, 6 and 10 also gave moderate to high mean values of similarity (approx. 0.6-0.8). Bar plots of all four solutions are displayed in Fig. 3A , while the geographical distributions of clusters at K = 9 are shown in Fig. 3B and C. These nine clusters or 'gene pools' were almost entirely congruent with the species or lineages identified in the network approach, including regional groups of N. arvensis from the Greek mainland/ Crete (green), Rhodos (brown) and Turkey/Samos (mostly blue or blue-green), as well as N. degenii (purple), N. icarica (red), N. carpatha (pink), N. doerfleri (yellow) and N. stricta (orange). However, a remarkable hierarchical structure resulted from the ordered splitting of clustering groups with successively increasing numbers of clusters (K = 4, 6 and 9; see Fig. 3D ). Accordingly, the first four clusters emerging at K = 4 separated N. degenii, N. doerfleri and N. stricta from each other and the remainder (grey cluster). Within this latter, 'circum-Aegean' cluster, three additional groups appeared at K = 6, including: (1) N. icarica (red); (2) an unresolved 'western Aegean' lineage (green) comprising N. a. sspp. arvensis/aristata/brevifolia (Crete); and (3) an 'eastern Aegean' lineage (blue). At K = 9, the latter split into ssp. glauca (Turkey/Samos), ssp. brevifolia (Rhodos) and N. carpatha. The single population of N. a. ssp. arvensis appeared to be admixed with the eastern (ssp. glauca) gene pool at K = 6 and 9 but resolved at K = 10 (dark green; see Fig. 3A ).
The individual-based PCoA plot of the entire complex for the first two axes displayed patterns largely consistent with the STRUCTURE clustering at K = 4, while the first and third axes only separated N. doerfleri and N. stricta from the remainder, including N. degenii (see Supplementary Data Fig. S3) . A subsequent PCoA without these latter three species was conducted to gain additional insights into relationships among the remaining taxa. In this analysis, the first two axes (Fig. 4A) displayed the K = 6 pattern by resolving the western and eastern Aegean lineages as well as N. icarica; however, the first and third axes (Fig. 4B ) clustered most individuals according to taxonomy and/ or geography (consistent with K = 9), whereby N. a. ssp. arvensis grouped between sspp. aristata/brevifolia (Crete) and ssp. glauca, and N. carpatha between the latter and ssp. brevifolia (Rhodos).
Hierarchical components of genetic variation
For the complex as a whole, hierarchical AMOVA (Table 2) indicated a strong and significant relationship between subspecies/lineage designations and AFLP variation. With N. a. ssp. arvensis excluded and ssp. brevifolia/Rhodos treated separately, 31 % of the total variance was explained between the 11 taxa/lineages (P < 0.001), while 13 % resided among populations within each group, and 56 % was within populations. When the alliance was analysed separately, the strongest relationships were obtained when populations were grouped according to taxonomy, i.e. genetic cluster affinity (24 %), while 12 % were attributed to the among-population component. Designating the same populations to five phytogeographical zones (Rechinger, 1950) resulted in only 14 % of the total variance at the group level, whereas the among-population component increased to 22 % (Table 2) .
Population genetic diversity, differentiation and isolation-by-distance
Estimates of AFLP diversity (in terms of PPF, H E or SI) for each population are shown in Table 1 , and their averages for each taxon are summarized in Table 3 . In general, values of PPF, H E and SI were positively correlated with each other (all P < 0.001), but hardly with the number of individuals sampled per population (except for PPF; P = 0.024) and, when averaged, not at all with the number of individuals or populations per taxon (Spearman's |r|: 0.2-0.11; all P ≥ 0.56). These diversity parameters most strongly differed between the outcrossing and selfing taxa (Table 3) . For example, gene diversity (H E ) ranged from 0.221 (± 0.018 s.d.) in N. a. ssp. aristata to 0.144 (± 0.026) in N. icarica, compared with 0.080 (± 0.013) in N. doerfleri and 0.085 (± 0.025) in N. stricta. In fact, for all three parameters, within-population diversities were significantly higher in the outcrossing taxa by Mann-Whitney U-tests (mean PPF, 51.9 vs. 22.2; H E , 0.18 vs. 0.08; SI, 0.21 vs. 0.11; all P < 0.001). The same, however, was also true for the outcrossing taxa from the mainland (N. a. sspp. aristata/glauca) when compared with their counterparts from the islands (N. a. ssp. brevifolia/Rhodos, N. degenii, N. icarica, N. carpatha; mean PPF, 61.3 vs. 44.9 ; H E , 0.21 vs. 0.16; SI, 0.24 vs. 0.20; all P < 0.001).
The above trends of genetic diversity were reversed when taxon-wide levels of population differentiation (Φ ST ) were evaluated by non-hierarchical AMOVAs (Supplementary Data Table  S2 ). Thus, generally lower but still markedly different values of Φ ST were observed in the outcrossing taxa, ranging from 0.08 in N. a. ssp. aristata to 0.29 in N. degenii, while Φ ST levels were highest in the selfers N. stricta (0.34) and N. doerfleri (0.41). Hierarchical AMOVAs of the three selected species (Table 2) further revealed lower levels of differentiation between N. a. sspp. aristata and glauca (Φ CT = 0.129) compared with the various island population groups of N. degenii and N. doerfleri (both Φ CT = 0.239); however, by taking this geographical substructure into account, population differentiation within regions/ islands now proved to be of comparable magnitude in N. arvensis (Φ SC = 0.117) and N. degenii (Φ SC = 0.098), while still remaining high in N. doerfleri (Φ SC = 0.240) ( Table 1 . (B, C) Geographical distribution of STRUCTURE clusters at K = 9 (i.e. optimal solution) within and among populations of (B) the outcrossing and interfertile N. arvensis alliance (nine taxa, 35 populations) and (C) the reproductively isolated selfers (N. doerfleri and N. stricta; 13 populations in total). Sizes of pie charts are proportional to sample size (n), with the smallest and largest circles representing n = 2 and 18, respectively (see Table 1 ). (D) Diagram showing the hierarchical structure of taxon relationships resulting from the ordered splitting into clustering groups with successively increasing numbers of clusters (K = 4, 6 and 9).
how selfing increases among-population differentiation (unaffected by the occurrence on islands per se). By taking these four taxa separately, Mantel tests revealed significant IBD effects in N. a. ssp. aristata (r M = 0.644, P = 0.004), ssp. glauca (r M = 0.489, P = 0.011) and N. degenii (r M = 0.618, P < 0.001). Although there was only a weak and marginally significant effect in N. doerfleri (r M = 0.265, P = 0.06), this nonetheless proved significant after excluding two populations (nos 24 and 26) with exceptionally small sample sizes (r M = 0.467, P = 0.016).
DISCUSSION
The Aegean archipelago has become a focal area for evolutionary and biogeographical research at a global level, especially for continental shelf (land-bridge) islands. Based on many phylogeographical investigations recently carried out in this area, in particular on animals (reviewed in Poulakakis et al., 2015; Sfenthourakis and Triantis, 2017) , the general picture emerging is one that identifies Late Tertiary/Pleistocene alterations in sea level as an important vicariant factor driving lineage diversification. However, our AFLP study indicates that the current distributions of Aegean Nigella mainly result from an interplay between island fragmentation and colonization events at different temporal and spatial scales, but have also been affected by the biological properties (e.g. mating system) of particular taxa. Hence, our data suggest a more complex biogeographical history than expected for a strictly allopatric vicariant model of divergence. Nonetheless, the major phylogeographical patterns observed are largely congruent with the geography and history of islands, and there is little evidence to suggest that the radiation of this classic Aegean plant system is constrained by ongoing gene exchange between divergent (sub)species (see below).
Major phylogeographical patterns within the Aegean N. arvensis complex
Our comprehensive analysis of six species (11 taxa, 497 individuals) of the Aegean N. arvensis complex with 235 AFLP markers revealed three major findings from a taxonomic-phylogeographical perspective. First, most designated taxa of this complex (Strid, 1970) , except for N. a. ssp. brevifolia, are identifiable as genetically distinct units by means of genetic distance, STRUCTURE and PCoA (Figs 2-4) . Secondly, this AFLP study revealed high levels of phylogeographical diversity and structure across the entire complex (Fig. 3B, C) . Finally, consecutive STRUCTURE runs with different numbers of K (Fig. 3A) indicated an unresolved polytomy in the complex (Fig. 3D) , consisting of N. doerfleri, N. stricta, N. degenii and a 'circum-Aegean' cluster, with the latter comprised of N. icarica as well as western and eastern Aegean lineages, both with affinities to the South Aegean. As we currently lack a resolved and time-calibrated phylogeny of the complex, any genealogical or temporal interpretations of such a sequential order of AFLP clustering has to be treated with caution. Nonetheless, as discussed below, this hierarchical structure suggests a sequence of divergences that are fairly reasonable when considered together with previous inferences from cpDNA (Bittkau and Comes, 2005) and on the backdrop of Aegean palaeogeography.
Evolutionary and biogeographical history of the Aegean N. arvensis complex
In the Central Aegean, the phylogeographical distinctiveness of N. degenii (Fig. 3B) is consistent with the floristic concepts of a 'Cycladic' window (Rechinger, 1950) and its eastern border, 'Rechinger's line' (Strid, 1996) , which separates the Cyclades from the eastern Aegean along the northern MAT. At the cpDNA level, however, the western borderline of this 'window' was not clearly indicated due to the presence of a 'Cycladic' haplotype in mainland Greece (Bittkau and Comes, 2005) . Otherwise, both AFLPs and cpDNA concur that N. degenii represents a relatively ancient species, which probably originated after the separation of the Cycladic landmass (peninsula) from the Greek mainland/Euboea approx. 2.0 Ma (Chatzimanolis et al., 2003) .
As regards N. doerfleri and N. stricta, inferences about their evolutionary history have so far been impeded by their near fixation for an ancestral cpDNA haplotype (A), which is also particularly common in N. degenii (Bittkau and Comes, 2005; C Bittkau, unpubl. res.) . In our AFLP networks ( Fig. 2;  Supplementary Data Fig. S1 ), these two selfing species are only weakly clustered (BS ≤63 %), suggesting the hierarchical STRUCTURE analysis (Fig. 3D ) more reliably identifies them as relatively ancient, distinct lineages that largely evolved separately from each other. Moreover, N. doerfleri and N. degenii are broadly co-distributed, and often sympatric, in the Cyclades, and thus may have been similarly affected by palaeo-events having shaped this region. We therefore propose that N. doerfleri likewise evolved via sea barrier-induced vicariant speciation in the Cyclades during the Early Pleistocene (see above) and was only secondarily dispersed to central-eastern Crete and numerous peripheral islets to attain its presently wider range (Fig. 1B) . This dispersal scenario gains support from the network (Fig. 2) , where populations from Crete (54 and 55) and Astipaleia (50 and 51) hold different, but nested, and thus potentially derived positions relative to those from the Cyclades (Kithnos, Paros and Santorini). Unfortunately, samples of N. doerfleri from Andikithira (south-east of the Peloponnese/West Cretan Strait) were not available to test the genetic position of this disjunct population, also in relation to N. stricta. Nonetheless, the latter species is only known from nearby Kithira and a few locations in South-west Crete (Strid, 1970) . In this region, rises and falls in sea level during the Mid-/Late Pleistocene have repeatedly disconnected and connected Kithira/Andikithira with the southern Peloponnese (Schüle, 1996) . For example, at low sea level stages, the sea strait separating these islands from Crete may have been as narrow as 2-3 nautical miles (Sakellariou and Galanidou, 2016) . As the Cretan population studied (56) is nested within those from Kithira (57 and 58; Fig. 2) , N. stricta might have originated in Kithira and then dispersed to Crete, with both events facilitated by sea level oscillations. In the Eastern Aegean (EAe), the genetic distinctiveness of N. icarica is stronger when inferred from AFLPs (Fig. 3B ) than from cpDNA, given the fixation of a derived 'Anatolian' haplotype in this island endemic (Bittkau and Comes, 2005) . Nonetheless, this latter finding agrees with the hierarchical AFLP clustering (Fig. 3D ) in suggesting a more recent origin of N. icarica by comparison with N. degenii, N. doerfleri and N. stricta. Hence, the present data support our earlier hypothesis (Bittkau and Comes, 2005) that N. icarica evolved from an EAe stock due to rising sea levels that separated Ikaria from Asia Minor during the Last Interglacial (approx. 125 000-75 000 years ago; Beerli et al., 1996) or even more recently (<21 500 years ago; Perissoratis and Conispoliatis, 2003; Tourloukis, 2010) .
The AFLPs also identified strong genetic breaks around Rhodos (N. a. ssp. brevifolia) and Karpathos/Kasos (N. carpatha) (Fig. 3C) . These patterns agree with floristic divisions across the Strait of Marmara (Rechinger, 1950) and between Rhodos and Karpathos (Strid, 1997) but conflict with more inclusive concepts such as the 'Southern Aegean Island Arc' (SAe) (Rechinger, 1950) or the 'Kriti-Karpathos' region (Strid, 1997) . A similar ambiguity was seen in the cpDNA data, which assigned N. carpatha from Karpathos to a derived 'Anatolian' clade but conspecifics from Kasos and N. a. ssp. brevifolia from Crete/Rhodos to an ancestral, central/western Aegean clade (Bittkau and Comes, 2005) . In contrast, the AFLPs clearly indicate that N. a. ssp. brevifolia from Crete belongs to a Western Aegean (WAe) lineage together with sspp. aristata/arvensis, while ssp. brevifolia from Rhodos and N. carpatha are members of the Eastern Aegean (EAe) lineage together with N. a. ssp. glauca (Fig. 3D ). All these SAe taxa, including Cretan ssp. brevifolia, form well-supported clusters in the network (Fig. 2) . Hence, their genetic affinities for extant mainland taxa of N. arvensis most probably reflect historical associations rather than ongoing gene flow. In turn, this would imply two independent colonizations of the SAe from the Greek and Turkish mainland, respectively. Since the WAe and EAe lineages share the same hierarchical cluster level with N. icarica (Fig. 3D) , such colonizations might have occurred relatively recently, e.g. via island hopping during low sea level periods of the last glacial(s), when exposed shelf areas projected from the southern Peloponnese to the West Cretan Strait (Sakellariou and Galanidou, 2016; see above) and from the south-western edge of the Turkish mainland to the East Aegean Sea (possibly connecting Rhodos; Perissoratis and Conispoliatis, 2003; Tourloukis, 2010) . This 'bi-regional colonization' scenario also accords with recent diversity studies on the South Aegean flora (Trigas et al., 2013) , suggesting that Crete functions as a dispersal filter between the continents. Notably, too, Strid (1970) had pointed out the occurrence of 'arvensis-like' forms of N. a. ssp. brevifolia in Crete (sometimes accorded specific status, N. cretensis Stevens) and 'glauca-like' variants in Rhodos. Our AFLP data agree with this phenotypic variability within ssp. brevifolia and stress the need for a thorough taxonomic revision of this subspecies.
When combined, the above scenarios suggest that the Pleistocene radiation of the Aegean N. arvensis complex built up over time, and not all at once, involving two major diversification processes: (1) relatively ancient sea barrier-induced vicariant speciation in the Cyclades (N. degenii and N. doerfleri) and Nei's (1987) unbiased gene diversity; SI, Shannon's index of phenotypic diversity (Lewontin, 1972) .
*Six populations were excluded due to small (n ≤ 5) sample sizes (see text and 
Effects of mating system and geographical isolation on patterns of genetic variability
For Aegean Nigella, the present AFLP data showed significantly lower within-population diversity (in terms of PPF, H E and SI; all U-tests: P < 0.001) and generally higher levels of population differentiation (Φ ST ) in selfing than outcrossing taxa (see Table 3 ; Supplementary Data Table S2 ). Moreover, by taking island sub-structure into account, we observed a >2-fold higher level of population differentiation (Φ SC ) in N. doerfleri relative to its outcrossing island counterpart N. degenii (Table 2 ). These differences agree with expectations from theory (Holsinger, 2000; Charlesworth, 2003) and empirical data (e.g. Nybom, 2004) , and can be generally understood as a consequence of selfing per se by decreasing effective population size owing to reduced recombination and increased linkage disequilibrium (Charlesworth and Pannell, 2001 ).
However, mating type differences are not the only factors affecting genetic variability and, especially in the present study system, might be confounded with others, in particular geographical isolation on islands and/or population history (e.g. Barrett, 1996; Stuessy et al., 2014) . Nonetheless, by controlling for mating type, our comparison of mainland and island taxa within the outcrossing alliance revealed significantly lower diversity (P < 0.001) and increased population differentiation in the island group (Table 3; Supplementary Data Table S2 ), and a near 2-fold higher geographical range substructure (Φ CT ) in N. degenii relative to N. arvensis (Table 2 ). This strongly suggests that, due to their smaller population sizes and geographical isolation, island taxa experience a greater impact of genetic drift and decreased gene flow than their mainland counterparts, as often reported for other plant and animal groups (e.g. Barrett, 1996; Frankham, 1997; Lecocq et al., 2013; but see García-Verdugo et al., 2015) . Evidently, such island and drift effects are magnified in N. doerfleri and N. stricta (see above), which is not unexpected because selfing accentuates population sub-division, isolation and bottlenecks (Charlesworth and Pannell, 2001 ).
Contrasting inferences from isolation-by-distance patterns in mainland vs. island taxa
All four of the selected taxa from either the mainland (N. a. sspp. arvensis and glauca) or the islands (N. degenii and N. doerfleri) showed a significant IBD pattern. Taken at face value, this would imply restricted, but still ongoing nearest-site gene exchange, i.e. 'isolation by dispersal limitation' (IBDL; sensu Orsini et al., 2013) . This explanation seems plausible for the mainland taxa, given the limited seed dispersal potential of Nigella, but, for the very same reason, appears to be unrealistic for N. degenii and N. doerfleri populations currently separated by sea barriers. This paradox, however, can be solved if we consider that an IBD pattern generated by IBDL can be confounded with the one generated by a population history of step-wise ('serial') colonization (Orsini et al., 2013) . Although difficult to disentangle, this latter model predicts relatively high among-population differentiation, as actually observed for N. degenii/N. doerfleri (Φ ST = 0.29/0.41) but not for N. a. sspp. arvensis/glauca (Φ ST = 0.08/0.12). Furthermore, the intraspecific relationships of N. degenii (Fig. 2) are broadly congruent with the temporal sequence of Cycladic island formation towards the end of the Pleistocene (approx. 14 000-10 000 years ago; Lambeck, 1996) , with Tinos/Mikonos (ssp. barbro) separating first, followed by Siros (ssp. jenny), and Paros and Naxos last (ssp. degenii) (for details, see Comes et al., 2008) . It is feasible, therefore, that the IBD pattern of N. degenii largely reflects sequential temporal population splitting, resulting from the latest 'sinking of Cycladia'. A similar hypothesis could apply to N. doerfleri, albeit modified to accommodate sporadic long-distance colonization of peripheral islands (see above). However, our population sampling of this species is too limited to support this claim further.
Conclusions
This follow-up study employing AFLP markers has provided important new insights into the taxonomic boundaries, phylogeographical structure and evolutionary history of the Aegean N. arvensis complex. Although in need of further time-calibrated studies, our results indicate that this Pleistocene radiation comprises both fragmentation and dispersal-driven diversification processes at different geological time scales, from Early to Late Pleistocene, specifically (1) sea barrier-induced vicariant speciation in the Cyclades, the Western Cretan Strait and Ikaria; and (2) bi-regional colonizations of the 'Southern Aegean Island Arc' by differentiated West vs. East Aegean mainland lineages, followed by allopatric divergences in Crete vs. Rhodos and Karpathos/Kasos. As a result, major phylogeographical boundaries are not only located between the Central and Eastern Aegean (i.e. along 'Rechinger's line'), as previously inferred from cpDNA (Bittkau and Comes, 2005) , but also between Crete and Karpathos-Kasos, thus coinciding with the entire MAT (see Fig. 1A ). However, despite the importance of the MAT as a barrier to dispersal and gene flow in Aegean biota (e.g. Runemark, 1980; Fattorini, 2002; Jesse et al., 2011; Crowl et al., 2015; Poulakakis et al., 2015; Sfenthourakis and Triantis, 2017) , this ancient (Upper Miocene) sea strait does not seem to have played a causal (vicariant) role in shaping diversification within Nigella. Hence, a priori assumptions about this sea strait as a vicariant factor and its usage for calibrating molecular clocks may not be warranted unless its role in vicariance is verified (Papadopoulou et al., 2010; De Baets et al., 2016) .
In addition, this study has demonstrated the profound influences of differences in mating system and geographical isolation in shaping intra(sub)specific patterns of genetic variability. Compared with the outcrossing mainland taxa, isolation of their insular counterparts has led to drift-related demographic processes (loss of genetic diversity, increased population genetic differentiation and spatial sub-structure), which are magnified in the insular selfers. Moreover, population genetic differentiation on the mainland appears to be largely driven by dispersal limitation, while in the Central Aegean it may still be influenced by historical events (island fragmentation or longdistance colonization). In sum, the present results emphasize the need to investigate further the complex interactions between biological and landscape features and contemporary vs. historical processes in driving population divergence and taxon diversification in Aegean plant radiations.
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